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functions in LTP and memory.
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PKMz has been proposed to be essential for mainte-
nance of long-term potentiation (LTP) and long-term
memory (LTM). However, recent data from PKMz-
knockout mice has called this role into question.
Instead, the other atypical isoform, protein kinase C
iota/lambda (PKCi/l), has emerged as a potential
alternative player. Therefore, the nature of the ‘‘mem-
ory molecule’’ maintaining learned information re-
mains uncertain. Here, we report knockdown (KD)
of PKCi/l and PKMz in the dorsal hippocampus
and find deficits in early expression and late mainte-
nance, respectively, during both LTP and hippocam-
pus-dependent LTM. Sequential increases in the
active form of PKCi/l and PKMz are detected during
LTP or fear conditioning. Importantly, PKMz, but not
PKCi/l, KD disrupts previously established LTM.
Thus, PKCi/l and PKMz have distinct functions
in LTP and memory, with PKMz playing a specific
role in memory maintenance. This relaying pattern
may represent a precise molecular mechanism by
which atypical PKCs regulate the different stages of
memory.
INTRODUCTION
A major goal of experimental neurobiology is to identify the mo-
lecular substrate that sustains long-term memory (LTM) storage.
Many protein kinases are known to mediate memory formation,
but most of the molecules examined, including protein kinases
that underlie LTM, have been shown to consolidate memory
within a brief time window after learning rather than maintain
memory during the storage stage. In contrast to these kinases,
PKMz is unique in that it has been proposed to be essential for
maintenance of both long-term potentiation (LTP), the cellular
correlate of memory, and LTM storage (Pastalkova et al., 2006;
Shema et al., 2007, 2011; Sacktor, 2011). Moreover, PKMz has1954 Cell Reports 16, 1954–1961, August 16, 2016 ª 2016 The Autho
This is an open access article under the CC BY-NC-ND license (http://sustained catalytic activity, a feature consistent with a molecule
that retains memory. PKMz is therefore a prime candidate for a
kinase participating in LTM maintenance.
The concept of a role for PKMz in memory maintenance,
however, has been recently challenged by two studies showing
normal synaptic plasticity and cognition in PKMz knockout
mice (Volk et al., 2013; Lee et al., 2013). Moreover, the specificity
of the synthetic zeta inhibitory peptide (ZIP), used as a selective
PKMz inhibitor in previous investigations, has also been ques-
tioned (Lisman, 2012). Our recent results suggest that another
atypical protein kinase C isoform (aPKC) that is widely expressed
in brain, protein kinaseC iota/lambda (PKCi/l), could be involved
in LTP (Ren et al., 2013; Matt and Hell, 2013). In addition, there
may be functional redundancy in PKMz knockout (KO) mice,
whereby related molecules compensate for the loss of PKMz
(Frankland and Josselyn, 2013). Considering that PKMz is a
member of a large PKC isoform family that may functionally
compensate upon loss of PKMz, as well as previous findings
that PKMz overexpression after training still enhances estab-
lished memory expression, the possible role of PKMz in memory
should not be totally excluded. These contradictory findings
motivated us to perform an in-depth study to further dissect the
precise roles of both aPKCs in synaptic plasticity and memory.
In the present study, we employed a genetic approach to
target either PKCi/l or PKMz for knockdown (KD) in the dorsal
hippocampus. PKCi/l and PKMz are the only two aPKCs that
are expressed in the hippocampus, a key memory-associated
structure in the brain (Naik et al., 2000; Hernandez et al., 2003;
Oster et al., 2004). Compared to genetic KO experiments con-
ducted previously, these genetic KD experiments reduce the
likelihood of compensation by other related genes. Notably, we
found that PKCi/l and PKMz KD in dorsal hippocampus show
specific deficits in early expression and late maintenance,
respectively, during both LTP and hippocampus-dependent
LTM. Furthermore, sequential increases in the active form of
PKCi/l and PKMz are detected during LTP or fear conditioning.
Importantly, only PKMz and not PKCi/l KD disrupts previously
established LTM. Thus, PKCi/l and PKMz have distinct func-
tions in LTP and memory, with PKMz playing a specific role in
memory maintenance.rs.
creativecommons.org/licenses/by-nc-nd/4.0/).
Figure 1. Knockdown of PKCi/l or PKMz Attenuates LTP at Different Temporal Stages
(A) Images showing EGFP expression in dorsal hippocampal slices prepared from PKCi/l-shRNA-injected (injected, bottom left) and contralateral (untreated; top
left) hemispheres following unilateral injections (5 ml) of a rAAV2/8 coexpressing PKCi/l-shRNA and EGFP. Hoechst staining is used to show the efficiency of virus
transfection (right). Arrowhead points to the CA1 pyramidal cell layer. Scale bar, 100 mm.
(B) Examination of the selectivity of PKCi/lKD. Amarked reduction in PKCi/l, but no change in other PKC isoforms or CaMKII, was observed in preparations from
dorsal hippocampus.
(C) Summary data from the experiments in (B) (n = 6).
(D and E) PKCl KD led to impaired early expression of HFS-LTP. Changes in field EPSP (fEPSP) slope were determined 20–30 min after stimulating protocol
(arrow), corresponding to the early expression stage of LTP. (D) HFS-LTP, p < 0.01, between untreated control (untreated, 1.60 ± 0.10, n = 8) and PKCi/l-shRNA
(1.05 ± 0.04, n = 7); (E) TBS-LTP, p < 0.01 between untreated (1.61 ± 0.04, n = 9), and PKCi/l-shRNA (0.98 ± 0.02, n = 6). As a control, LTP was normal in cells
transfected with PKCl-shRNA scrambled or in cells from contralateral untreated hippocampus (p > 0.05). Overlaid traces above the graph show changes in
averaged fEPSPs chosen at the times indicated on the graph, with the thin-lined trace representing time point 1 and the thick-lined trace time point 2. Scale bar,
0.3 mV, 10 ms.
(legend continued on next page)
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RESULTS
Knockdown of PKCi/l or PKMz Attenuates LTP at
Different Temporal Stages
To elucidate the exact role of PKCi/l and PKMz in hippocampal
synaptic plasticity and memory, we injected a recombinant ad-
eno-associated virus (rAAV2/8) expressing small hairpin RNA
(shRNA) that targets the gene of either PKCi/l or PKMz (Ren
et al., 2013) into the dorsal hippocampus at 4 weeks postnatally.
30 days after rAAV2/8 injection, a selective reduction of PKCi/l
(63%; Figures 1A–1C) or PKMz (77%; Figures 1F–1H) was
detected, as determined by western blot analysis. During west-
ern blot assay, the specificity of the phosphor-antibodies against
PKCi/l and PKMzwas demonstrated (Figure S1). In addition, the
protein signals of each group were ensured to be in the linear
range (Figure S2). We prepared acute hippocampal slices from
these animals and systematically examined whether inhibiting
the expression of one or the other of these genes would affect
LTP, a cellular correlate of memory formation and maintenance,
at Schaffer collateral-CA1 synapses (Bliss and Collingridge,
1993; Malenka and Nicoll, 1999). Surprisingly, in conventional
LTP models elicited either by high-frequency stimulation (HFS-
LTP) or theta-burst stimulation (TBS-LTP), we consistently
observed a marked and selective decrease in the magnitude of
potentiation during the early expression or late maintenance
stage of LTP in slices, depending onwhich isoformwas targeted.
PKCi/l KD produced reduction in the early expression of the
potentiation inducedby eitherHFS (Figure 1D) or TBS (Figure 1E).
In contrast to PKCi/l, PKMz KD disrupted only the late phase of
the potentiation (Figures 1I and 1J). The deficits observed by KD
of either isoform were completely reversed in rescue experi-
ments (Figure 2). As an additional control, LTPwas intact in slices
from untreated animals or animals injected with virus containing
scrambled shRNAs (p > 0.05).
Knockdown of PKCi/l or PKMz Differentially Affects
Hippocampus-Dependent Learning and Memory
We next examined how KD of PKCi/l or PKMz would affect hip-
pocampus-dependent learning and memory. To examine clas-
sical associative conditioning, we employed trace auditory fear
conditioning (McEchron et al., 1998) and determined retention
of both short-term memory (STM) and LTM. LTM for trace con-
ditioning is disrupted by ZIP introduced into the dorsal hippo-
campus (Madron˜al et al., 2010). We also tested freezing to
context, which, once consolidated into LTM, is not disrupted
by injections of ZIP in the hippocampus (Figures 3A and S3)
(Serrano et al., 2008). Freezing behavior of both control and
aPKC (PKCi/l or PKMz) KD animals increased quickly and prom-(F) Images showing EGFP expression in dorsal hippocampal slices prepared from
left) hemispheres. Scale bar, 100 mm.
(G) Examination of the selectivity of PKMz KD.
(H) Summary data from the experiments in (G) (n = 6).
(I and J) PKMz KD attenuated HFS-LTP at the late maintenance stage. Changes i
(arrow), corresponding to the latemaintenance stage of LTP. (I) HFS-LTP, p < 0.01
TBS-LTP, p < 0.01 between untreated (1.73 ± 0.06, n = 9) and PKMz-shRNA (1.07
animals injected with virus containing scrambled shRNAs (p > 0.05).
Error bars represent SEM. *p < 0.05. Note the scales of x axis in (I) and (J) are differe
ensured to be in the linear range. See also Figure S2.
1956 Cell Reports 16, 1954–1961, August 16, 2016inently during the training session. One day after conditioning,
KD of either aPKC impaired hippocampus-dependent condi-
tioned freezing during the trace interval (Figure 3B), as well as
during the adjacent tone and inter-trial interval (ITI; Figure S4)
that also depend on dorsal hippocampal functions during trace
fear conditioning (Chowdhury et al., 2005; Misane et al., 2005).
Placing the animals back into the training context 24 hr later eli-
cited significantly less context-evoked freezing behavior in
PKCi/l KD animals, but not in control or PKMz KD littermates
(Figure 3C). These observations were validated by experiments
showing rescue by PKCi/l or PKMz completely reverses the
deficits in LTM of fear conditioning (FC) (Figures 4 and 5).
To examine whether PKCi/l or PKMz inhibition also disrupted
recently acquired fear information, we took advantage of the
rapid fear learning measured by freezing behavior (Madron˜al
et al., 2010). Immediately after testing LTM retention, we recon-
ditioned the animals with a single training trial and then retested
without the shock (Figure 3A) to determine STM retention by
measuring the percentage of freezing time. PKCi/l KD animals
showed marked STM loss on both contextual and trace fear
conditioned responses (Figures 3B and 3C). In contrast, PKMz
KD animals could still recall the STM of the conditioned
response. Thus, PKCi/l KD does not affect freezing during the
conditioning but disrupts STM and LTM for both trace and
contextual information in the dorsal hippocampus. In contrast,
PKMz KD specifically affects only the LTM of trace information,
which is similar to the post-training effect of ZIP injections in
the dorsal hippocampus that disrupt LTM of trace, but not
contextual information (Serrano et al., 2008; Madron˜al et al.,
2010).
Wealso tested spatial referencememory inPKCi/lorPKMzKD
animals by assessing their performance in theMorris water maze
(MWM), a task inwhich rodentsusespatial cues to locateahidden
platform in a pool of opaquewater (Morris et al., 1982). The PKCi/
l or PKMz KD itself does not change the swim speed of animals
(Figure S5). The latency for the rats to find the hidden platform
decreased over the course of five training blocks in the control
group and the twoKDgroups. However, latency in PKCi/lKDan-
imals displayed a relatively slower decreasing trend, indicating
PKCi/l KD animals spent a greater amount of time finding the
platform compared to control or PKMz KD animals (Figure 3D).
Memory retention testing performed 24 hr after training re-
vealed that the number of platform crossings during probe trials,
which reflects accurate location memory, was significantly lower
in both PKCi/l KD and PKMz KD animals (Figures 3E and 3G). In
contrast, only PKCi/l KD animals spent significantly less time in
the target quadrant (Figure 3F). These results indicate that PKMz
is required for retention of spatial accuracy, but not for the spatialPKMz-shRNA-injected (injected; bottom left) and contralateral (untreated; top
n field fEPSP slope were determined at 120–130 min after stimulating protocol
between untreated (1.87 ± 0.08, n = 9) and PKMz-shRNA (1.06 ± 0.04, n = 6); (J)
± 0.03, n = 5). As a control, LTP was intact in slices from untreated animals or
nt from those in (D) and (E). The protein signals of each group in this figure were
Figure 2. PKCi/l Rescue and PKMz Rescue Reverses Deficits in LTP Expression
(A) Map of plasmid structure used for PKCi/l rescue experiment. Notably, the DNA sequence in PKCi/l is modified to be resistant to the KD effect exerted by
PKCi/l-shRNA so as to enable normal PKCi/l expression. This manipulation ensures the independent complement of KD and overexpression in same cell
populations.
(B) Verification of PKCi/l rescue efficiency. Western blot analysis shows comparable PKCi/l expression level in control and PKCi/l rescue littermates in dorsal
hippocampus (n = 6).
(C) Plots summarize data from the experiments in (B).
(D) Normal LTP in PKCi/l rescue animals (untreated, n = 6, 1.52 ± 0.03 at 20–30 min; PKCi/l rescue, n = 4,1.66 ± 0.13; p > 0.34). The deficit in LTP expression in
PKCi/l KD animals is reversed in PKCi/l rescue animals.
(E) Map of plasmid structure used for the PKMz rescue experiment.
(F) Verification of PKMz rescue efficiency. Western blot analysis shows comparable PKMz expression levels in control and PKMz rescue littermates in dorsal
hippocampus (n = 5).
(G) Plots summarize data from the experiments in (F).
(H) Normal LTP in PKMz rescue animals (untreated, n = 6, 1.62 ± 0.07 at 120–130 min; PKCi/l rescue, n = 5, 1.50 ± 0.08; p > 0.31). The deficit in LTPmaintenance
in PKMzKD animals is reversed in PKMz rescue animals. Overlaid traces above the graph show changes in averaged fEPSPs chosen at the times indicated on the
graph. Scale bar, 0.3 mV, 10 ms.
Error bars represent SEM.search procedure, similar to the deficits produced by post-
training intrahippocampal injections of ZIP (Serrano et al.,
2008), whereas PKCi/l is required for both.
Knockdown of PKCi/l or PKMz after Training Reveals
PKMz’s Role in Late Memory Maintenance
The importance of aPKCs in LTM may be ascribed to two sce-
narios. First, they may mediate the cellular consolidation into
LTM. PKCi/l, for example, may only be required for early mem-
ory expression, but inhibiting PKCi/l at an early stage as a
consequence affects memory in the later stage. Alternatively,
aPKCsmay also be required for LTMmaintenance by acting dur-
ing the later stage. To determine whether PKCi/l or PKMz spe-
cifically functions in the late maintenance stage of hippocampalmemory, we performed KD of each isozyme after training was
complete and determined whether the KD disrupted a memory
that had already been consolidated in the presence of aPKCs.
Because the KD procedure takes 1 month, we examined fear
conditioning, the memory for which persists for over a month.
Animals were first trained to trace and context, then injected
3 days later with rAAV2/8 expressing shRNA that targets either
PKCi/l or PKMz. 30 days after virus injection, LTM of fear condi-
tioning was tested (Figure 6A). We found that only PKMz KD
animals showed defects in trace FC (Figure 6B). As with the pre-
training PKMzKD, establishedmemory for the adjacent tone and
ITI, which also depend on dorsal hippocampal function during
trace fear conditioning, were disrupted in the post-training
PKMz KD (Figure S6). Similar to results with ZIP (Serrano et al.,Cell Reports 16, 1954–1961, August 16, 2016 1957
Figure 3. Knockdown of PKCi/l or PKMz Differentially Affects Hip-
pocampus-Dependent Learning and Memory
(A) The schematic paradigm showing experimental protocols used to examine
the effect of PKCi/l KD and PKMz KD on fear conditioning.
(B) LTM of trace fearing behavior is affected in both PKCi/l KD and PKMz KD
animals. Control, 72.8%± 3.7%,PKCi/lKD, 46.9%± 4.5%,PKMzKD, 47.2%±
6.7%; main effect of treatment F(2,44) = 14.78, p < 0.05 between control and
PKCi/l KD; p < 0.05 between control and PKMz KD. In contrast, STM of trace
fearing behavior is only affected in PKCi/l KD animals. Control, 60.3% ± 3.7%,
PKCi/l KD, 36.6% ± 7.0%, PKMz KD, 60.5% ± 3.2%; main effect of treatment
F(2,44)=8.49,p<0.05betweencontrol andPKCi/lKD;p>0.51betweencontrol
and PKMz KD. For the protocol of trace fear conditioning, please see Figure S3.
For results regarding the impairment of aPKC KD on hippocampus-dependent
conditioned freezing during the adjacent tone and ITI, please see Figure S4.
(C) LTM and STMof contextual fearing behavior are only affected in PKCi/l KD
animals (LTM, p < 0.05 between control [60.9% ± 5.8%, n = 19] and PKCi/l
KD [29.8% ± 9.9%, n = 10]; STM, p < 0.05; between control and PKCi/l KD
[20.5% ± 6.0%]), but not in control and PKMz KD animals (LTM, p > 0.39,
between control and PKMzKD [47.2% ± 6.7%, n = 17]; STM, p > 0.18 between
control and PKMz KD [42.3% ± 6.0%]).
(D) Longer escape latency during MWM test in PKCi/l KD animals compared
to control and PKMz KD animals. Main effect of treatment F(2,173) = 11.81
at training day 5, p < 0.05 between control (n = 41) and PKCi/l KD (n = 22);
p = 0.36 between control and PKMz KD (n = 12).
1958 Cell Reports 16, 1954–1961, August 16, 20162008), PKMz KD did not affect the retention of contextual infor-
mation in the dorsal hippocampus (Figure 6C).
Sequential Increases in p-PKCi/l and PKMz during LTP
and Trace FC
If PKCi/l and PKMz take their roles in early expression and late
maintenance stages, respectively, wemight detect sequential al-
terations in the active form of these aPKC isoforms in hippocam-
pal tissueduringLTPorhippocampus-associatedmemory.When
PKCi/l is activated, it undergoes phosphorylation at Thr563
(p-PKCi/l), and thus, the level of phosphorylated PKCi/l is an in-
dicator of PKCi/l activity (Le Good et al., 1998; Standaert et al.,
1999). In contrast, PKMz, lacking an autoinhibitory regulatory
domain, has constitutive catalytic activity, and the increase in ac-
tivity of PKMz in LTPmaintenance is dependent on the increase in
itsamount (Ostenet al., 1996;Migueset al., 2010).Wedetermined
the level of p-PKCi/l and PKMz from hippocampal slices that
were harvested at 0.5 hr or 2 hr after LTP induction (Figure 7A),
which correspond toearly expressionand latemaintenancestage
of LTP.We foundp-PKCi/l showedamarked increase0.5hr after
LTP induction but returned to the control level by 2 hr after LTP in-
duction (Figures 7A and 7B). In contrast, PKMz reached signifi-
cant increases 2 hr after LTP induction. Analogously, p-PKCi/l
showed a marked increase only at the early consolidation stage
of fear memory (FC 1 hr after training) (Figures 7C and 7D),
whereas PKMz increased significantly only at the maintenance
stage of trace FC (FC 1 week after training). As a control, animals
with foot shock in the absence of context failed to display similar
alterations (Figure S7) (Plattner et al., 2014).
DISCUSSION
In the present study we find that hippocampal LTP and learning
andmemory trigger the sequential increase in PKCi/l and PKMz.
This increase tends to occur only in synapses that undergo LTP
or memory and thus is a synapse-specific event. Therefore,
when animals learn multiple things, the increase in PKCi/l and
PKMz can be distributed in different sets of synapses that are
involved in each learning task. This synapse- or input-specific
increase of PKCi/l and PKMz can be triggered by synapse-
specific elevation of calcium upon LTP induction or learning.
Transient calcium elevation in each synapse in turn activates
downstream effectors, including CaMKII, Ras, and PI3K, and
then is transduced to the activation of PKCi/l. This cascade
of events occurs during the early expression of LTP or the(E) Representative swim paths during probe trials showing that the number of
platform crossings is significantly lower in both PKCi/l KD and PKMz KD
animals.
(F) PKCi/l KD animals spend less time in the target quadrant during probe
trials. Main effect of treatment F(2,72) = 2.46 in target zone; p < 0.05 between
control (36.0% ± 1.7%) and PKCi/l KD (29.8% ± 2.6%); p = 0.69 between
control and PKMz KD (34.6% ± 2.4%).
(G) Both PKCi/l KD and PKMz KD animals display lower number of platform
crossings during probe trials. F(2,72) = 9.52; p < 0.01 between control (2.95 ±
0.24) and PKCi/l KD (1.50 ± 0.28); p < 0.01 between control and PKMz KD
(1.58 ± 0.28).
Error bars represent SEM. *p < 0.05, **p < 0.01. The swimming speed of the
animals in MWM experiments can be found in Figure S5A.
Figure 4. PKCi/lRescue Reverses Deficits in Hippocampal Memory
Consolidation
(A and B) Normal contextual (A) and trace fear conditioning (B) in PKCi/l
rescue animals. No marked difference in freezing behaviors was observed
between control and PKCi/l rescue animals (control, n = 19; PKCi/l rescue,
n = 19). For the protocol of trace fear conditioning, please see Figure S3.
(C) Performance on theMWM test during training displays a similar decreasing
trend in escape latency in PKCi/l rescue and control animals (control, n = 14;
PKCi/l rescue, n = 14).
(D) Representative swim paths during probe trials of MWM showing a similar
amount of time in the target quadrant and a similar number of platform
crossings between PKCi/l rescue and control animals.
(E) Plots summarize data showing normal amount of time in target quadrant in
PKCi/l rescue animals.
(F) Plots summarize data showing normal number of platform crossings in
PKCi/l rescue animals. The swimming speed of the animals in MWM exper-
iments can be found in Figure S5B.
Error bars represent SEM.
Figure 5. PKMz Rescue Reverses Deficits in Hippocampal Memory
Maintenance
(A and B) Normal contextual (A) and trace fear conditioning (B) in PKMz rescue
animals. No marked difference in freezing behaviors was observed between
control and PKMz rescue animals (control, n = 14; PKMz rescue, n = 15). For
the protocol of trace fear conditioning, please see Figure S3.
(C) Performance on theMWM test during training displays a similar decreasing
trend in escape latency in PKMz rescue and control animals (control, n = 15;
PKMz rescue, n = 15).
(D) Representative swim paths during probe trials of MWM showing a similar
amount of time in the target quadrant and a similar number of platform
crossings between PKMz rescue and control animals.
(E) Plots summarize data showing a normal amount of time spent in the target
quadrant in PKMz rescue animals.
(F) Plots summarize data showing normal number of platform crossings in
PKMz rescue animals. The swimming speed of the animals in MWM experi-
ments can be found in Figure S5C.
Error bars represent SEM.consolidation stage of LTM. Once this increase in PKCi/l de-
cays, the increase in PKMz takes over in the late maintenance
stage. To date, it is still unclear how the relay between increases
in PKCi/l and PKMz is achieved.PKMz has been proposed as a starring ‘‘memory molecule’’
that maintains the enhanced synaptic strength mediating the
storage of specific forms of LTM (Pastalkova et al., 2006; Shema
et al., 2007). Recent studies on PKMz KOmice gravely challenge
this notion (Volk et al., 2013; Lee et al., 2013) and call attention toCell Reports 16, 1954–1961, August 16, 2016 1959
Figure 6. PKMz, but Not PKCi/l, KD after Training Disrupts Memory
Maintenance
(A) The schematic paradigm showing experimental protocols. KD of PKCi/l or
PKMz was performed 3 days after training.
(B) PKMz KD animals, but not PKCi/l KD animals, display lower level of
freezing behavior during trace FC. F(2,39) = 6.54, p < 0.01 between control
(64.3% ± 4.0%, n = 18) and PKMz KD (40.6% ± 5.5%, n = 13) and p > 0.67
between control and PKCi/l KD (66.2% ± 7.8%, n = 10). For the protocol of
trace fear conditioning, please see Figure S3. For the results of adjacent tone
and ITI, please see Figure S6.
(C) Neither PKCi/l KD nor PKMz KD animals display a deficit in retention of
contextual FC. F(2,39) = 5.6, p > 0.90 between control (30.51% ± 6.5%) and
PKCi/l KD (31.0% ± 5.0%) and p > 0.70 between control and PKMz KD
(27.9% ± 6.1%).
Error bars represent SEM. **p < 0.01.
Figure 7. Sequential Increases in p-PKCi/l and PKMz during LTP
and Trace FC
(A) Sequential increases in p-PKCi/l and PKMz after LTP induction. p-PKCi/l
and PKMz levels are determined at 0.5 hr or 2 hr, corresponding to the early
expression and late maintenance stages of LTP. p-PKCi/l shows a marked
increase 0.5 hr after LTP induction but returned to control levels at 2 hr after
LTP induction. In contrast, PKMz shows a gradual increase at the two time
points after LTP induction.
(B) Plots summarize data from the experiments in (A). p-PKCi/l, F(2,27) =
10.31, p < 0.05 between control and HFS at 0.5 hr; p > 0.08 between control
and HFS at 2 hr, n = 10; PKMz, F(2,27) = 20.82, p = 0.052 between control and
HFS at 0.5 hr; p < 0.05 between control and HFS at 2 hr.
(C) Similar sequential increases in p-PKCi/l and PKMz were observed after
FC. p-PKCi/l shows a marked increase only at the early expression stage (FC
1 hr after training), whereas PKMz increases at the maintenance stage of fear
memory (FC 1 week after training).
(D) Plots summarize data from the experiments in (C). p-PKCi/l, F(2,30) =
10.33, p < 0.05 between control and FC at 1 hr; p > 0.19 between control and
FC at 1 week, n = 10; PKMz, F(2,24) = 3.98, p > 0.26 between control and FC at
1 hr; p < 0.05 between control and FC at 1 week, n = 9.
Error bars represent SEM. *p < 0.05. For determination of the specificity of the
phosphor-antibodies against PKCi/l and PKMz, please see Figure S1. For the
negative control in which animals experienced foot shock in the absence of
context, see Figure S7.another aPKC isoform, PKCi/l (Ren et al., 2013; Matt and Hell,
2013). However, these KO studies cannot completely exclude
PKMz’s role in memory maintenance, especially taking into
consideration the possible compensation for its function by other
related genes (Frankland and Josselyn, 2013), as well as the
finding that overexpression of PKMz after training enhances es-
tablished memory consolidation (Shema et al., 2011). Notably,
one recent study confirms the compensation of PKMz by
PKCi/l in PKMz KO mice (Tsokas et al., 2016). These findings
can help to explain normal LTP and memory in PKMz KO mice
and reconcile the numerous previous findings on PKMz with
the contradictory results seem with KO mice. The present study
employs acute PKCi/l or PKMz KD protocols that reduce the
likelihood of this type of compensation.
We find that the maintenance of memory is specific to PKMz.
Furthermore, the effects on established LTM of PKMz KD and
the intracranial applications of the inhibitor ZIP are very similar
(Serrano et al., 2008; Madron˜al et al., 2010). In the water maze,
both the KD and the inhibitor disrupt themaintenance of informa-
tion encoding spatial accuracy, but not search procedure
(Serrano et al., 2008). Likewise, after fear conditioning, both
methods for interferingwith the action of PKMz selectively disrupt
trace information, but notcontextual information, in thedorsal hip-
pocampus (Serrano et al., 2008; Madron˜al et al., 2010), suggest-
ing distinct molecular mechanisms for the storage of these types
of information in the hippocampus. These findings, together with1960 Cell Reports 16, 1954–1961, August 16, 2016the recent findings by ToddSacktor’s lab showing compensatory
effects in PKMz KO mice, help re-establish our confidence in
PKMz as a keymolecule for the storage of specific forms ofmem-
ory (Tsokas et al., 2016).Moreover, PKCi/l, amolecule proposed
asanalternativeplayer that substitutes for PKMz’s role inmemory
(Matt and Hell, 2013), now turns out to be critical, in normal ani-
mals, only for synaptic plasticity and memory at an earlier stage.
Numerous signaling molecules have been found to be important
for the early stage of LTM formation (Malenka et al., 1989; Zhu
et al., 2002), and PKCi/l is a downstream effector of some of
these molecules, including CaMKII, Ras, and PI3K (Ren et al.,
2013). The KDof PKCi/l disrupts bothSTMand the consolidation
of STM into LTM. Therefore, PKCi/l appears to play a role in both
the expression of memory at its earliest stages and the induction
of its more persistent form mediated by PKMz. This relaying
pattern may represent a precise molecular mechanism by which
the atypical PKCs regulate the different stages of memory.
EXPERIMENTAL PROCEDURES
The protocols for animal care and use were approved by the Experimental An-
imal Ethics Committee at Southeast University. Field excitatory postsynaptic
potentials (fEPSPs) were recorded in the stratum radiatum of the CA1 region
of hippocampal slices. Conventional LTP was induced by either HFS or TBS.
To knock down PKCi/l and PKMz, shRNA sequences targeting the rat iso-
forms of PKCi/l and PKMzwere packaged into rAAV2/8 and injected into dor-
sal hippocampus. Electrophysiology recordings, western blots, and behavior
assays were performed using 8-week-old male Sprague-Dawley rats. The
ANY-maze system (Stoelting) was used to track and analyze animal behavior.
See Supplemental Experimental Procedures for further details.
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Supplemental Information includes Supplemental Experimental Procedures
and seven figures and can be found with this article online at http://dx.doi.
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